Pseudomonas infections. The present work deals with the structure-activity exploration of ureidothiophene-2-carboxylic acids as inhibitors of PqsD, a key enzyme in the biosynthetic pathway of signal molecules in the Pseudomonas QS system. We describe an improvement of the inhibitory activity by successfully combining features from two different PqsD inhibitor classes. Furthermore the functional groups, which are responsible for the inhibitory potency, were identified. Moreover, the inability of the new inhibitors, to prevent signal molecule formation in whole cell assays, is discussed.
Introduction
Antibiotic therapy is characterized by the everlasting competition between the generation of novel antibacterial substances and the development of the respective bacterial resistances. [1, 2] One outstanding example is the opportunistic pathogen P. aeruginosa which is responsible for severe infections and is a leading cause of death in cystic fibrosis patients. [3] Its ability to rapidly form resistances against the currently used antibiotics necessitates new approaches for antibacterial treatment. [4, 5] Typically, antibiotics affect bacterial viability and thus cause a selection pressure that inevitably leads to the development of resistances. In recent years several research groups have been trying to break out of this vicious cycle by reducing the virulence of the pathogens instead of affecting their viability. [6] One approach is the inhibition of the bacterial cellto-cell communication systems like QS. [7] In QS, bacterial cells release a variety of small diffusible molecules which can be detected by other bacteria. This kind of molecular signaling allows the bacterial population to assess its cell density and coordinate group behavior. The Pseudomonas QS system consists of two Nacylhomoserine lactone (AHL) regulatory circuits (las and rhl) linked to an 2-alkyl-4-quinolone (AQ) system. [3] Whereas the AHL systems are widespread among Gram negative bacteria, [8] our group focuses on the so called Pseudomonas quinolone signal quorum sensing (PQS-QS) system, an AQ system that exclusively exists in P. aeruginosa and some Burkholderia strains. [9] It is involved in the production of a number of virulence factors that contribute to their pathogenicity. [10] Moreover, it takes part in regulating the formation of biofilms, a main cause for bacterial resistance against conventional antibiotics in clinical use. [11] The pqsABCDE operon, whose expression is controlled by the transcriptional regulator PqsR (MvfR), directs the AQ biosynthesis in P. aeruginosa. Molecules, produced upon activity of this operon are among others, 2-heptyl-3-hydroxy-4-quinolone (Pseudomonas quinolone signal, PQS) and its biosynthetic precursor 2-heptyl-4-quinolone (HHQ). [12] HHQ and PQS themselves activate PqsR leading to an auto-induction of the pqsABCDE operon. [13, 14] PqsD is also capable of directly producing HHQ by converting ACoA with β-ketodecanoic acid. [20] In the recent past we frequently used this enzymatic reaction to assess the activity of PqsD inhibitors. [19,21−25] For compounds interfering with the first enzymatic step, the formation of the PqsD-CoA complex, this is still a valid method. [23, 24] In a recent work, we reported on the class of ureidothiophene-2-carboxylic acids as potent inhibitors of PqsD. Biophysical methods were used to confirm a binding hypothesis derived from molecular docking studies. This approach enabled the structure-based optimization of a screening hit compound resulting in a series of highly active molecules (e.g. A and B in Chart 1). [21] According to our docking pose and the results from SPR competition experiments, the most active derivative B occupies an area, spanning from the entrance of the binding channel to the active site, leaving a gap of about 6 Å to the bottom of the pocket where the catalytic residues are located. Its carboxylic acid groups are supposed to interact with Asn154 and Arg262 respectively anchoring the inhibitor in the binding channel of PqsD The phenylalanine residue perfectly fits into a narrow pocket at the channel's entrance delimited by Arg 223 and Phe226 and (Figure 1 ).
In this work we describe further exploration of the chemical space, the structure activity relationships (SAR) and the intracellular effects of this class of inhibitors.
Results and discussion
According to our binding hypothesis, the carboxylate group of the amino acid part in A and B interacts with Arg262 at the entrance of the PqsD binding channel (Figure 1 ). The natural substrate anthraniloyl CoA (ACoA) builds several ion bridges between its phosphoric acid groups and the arginins on the surface of the protein. Such interactions are considered very potent in literature. [26, 27] Inspired by ACoA we replaced the carboxylic acid moiety by a phosphoric acid group (1) . In comparison to the glycine derivative A the activity did not increase. Based on these findings, the phosphoric acid was not considered for further optimization due to synthetic reasons.
The so far most active inhibitor B carries a phenylalanine substituent at the ureido motif.
In order to fine-tune the electronic properties of the aromatic system we investigated electron donating and electron withdrawing substituents in para-position. In case of an electron donating hydroxyl function (2), the activity dropped to 29 µM similar to an additional methoxy group (3; IC 50 : 31 µM). In case of the latter this is probably due to steric reasons, which is in good agreement with our binding hypothesis ( Figure 2 ).
Introduction of an electron withdrawing and lipophilic chlorine substituent (4) also resulted in decreased inhibitory potency (14 µM). As both kinds of substituents with inverse electronic properties were detrimental to the activity, we considered the unsubstituted ring as most favorable. In the next step we shortened (5) and prolonged (6) the linker between the α-position and the phenyl ring. In the crystal structure, the entrance to the sub-pocket, delimited by Arg223 and Phe226 and Glu227 is narrow and therefore requires a special conformation. This conformation is obviously only provided by the compound with the methylene linker as both, 5 and 6 displayed significantly weaker inhibitory potency. As a last trial to explore the SAR at this part of the molecule, further readily available (S)-amino acids were introduced. None of the resulting compounds (7-11) outperformed the potency of B.
We proceeded, retaining the phenylalanine residue at the ureido-motif, as the most promising moiety and subsequently focused on the opposite side of the molecule. Firstly parts of the methoxy equipped ring of B were removed to determine the essential functional groups. Demethylation, resulting in hydroxyl compound 12 decreased the activity. Further omitting this OH-group (13) however partially restored it. This leads to the assumption that the oxygen of the methoxy group contributes to the activity to a certain extent, presumably as a hydrogen bond acceptor. In absence of an appropriate interaction partner the hydrogen bond donor of 13 is surrounded by highly ordered water molecules, leading to an entropic loss and, therefore, a lowered activity. Removal Figure S1 in supporting information). Since this behavior is typical for the 2-nitrophenylmethanol derivatives, [22] occupation of the same binding site can be assumed.
Although the inhibitors displayed high potency in the cell free enzyme assay, none of them was able to reduce the HHQ levels in a whole cell P. aeruginosa assay. These findings can be attributed to different reasons like permeation-or efflux problems.
Several steps were taken to achieve an intracellular activity.
Fluoroquinolone and β-lactam antibiotics are mostly zwitterionic. According to several reports in literature, this feature significantly contributes to their transport into the cell, which was shown especially for the β-lactams. [28, 29] Inspired by that we introduced Shistidine instead of S-phenylalanine, using the imidazole ring as a bioisostere of the phenyl ring while gaining a basic function and therefore a potentially positive charge at the same time. The resulting compound 23 displayed weak activity against PqsD (40% inhibition at 50 µM) but showed for the first time significant but very moderate reduction of HHQ levels in the whole cell assay (Reduction of HHQ at 250 µM: 16±5 %). In a second attempt, we made use of an N-acetyl thioester (NAC-ester) which is frequently used in mutasynthesis programs. The NAC adducts thereby serve as mimics of coenzyme A esters which improve their acceptance as precursors in biosynthesis and might also facilitate the entrance into bacterial cells in comparison to the free acids. [30] The carboxylic acid moiety of the phenylalanine was considered more suitable for the attachment of an NAC unit than the one at the thiophene core. It is presumably positioned at the entrance of the pocket ( Figure 5 ) directing the additional substituent outside the binding channel of PqsD, and therefore avoiding steric hindrance. Thus an intracellular cleavage of the thioester to set the active form free might not be mandatory.
The resulting compound 24 (Chart 3) still displayed reasonable activity (IC 50 : 32 µM) but turned out to be inactive in the whole-cell assay. We further examined the introduction of a cell penetrating peptide (25) at the same position. Again, the inhibitory activity on the cell free level could be retained, but no inhibitory effect in the whole cell assay was observed at the test concentration.
Conclusions
In conclusion, we further explored the chemical space of the ureidothiophene-2-carboxylic acids as inhibitors of PqsD. The pharmacophore of the inhibitor class was determined and the essentiality of several functional groups was clarified. Moreover, two inhibitor classes could be successfully merged without having access to structural information of protein-ligand x-ray structures. The resulting compounds display higher inhibitory activity by profiting from the combined interactions with the protein. Following this approach, the most potent PqsD inhibitors described so far were obtained. Although the potency in cell free assay was high, an intracellular activity could not be achieved even by attachment of a cell penetrating peptide. We assume that the class of inhibitors is subject to efflux causing natural resistance of P. aeruginosa towards the newly developed antibacterial agents. Therefore, we consider the ureidothiophene-2-carboxylic acids to be not eligible for further development in the field of Pseudomonas quorum sensing inhibitors. The problem could eventually be solved by a combined application with efflux pump inhibitors, or by using pharmaceutical technological methods, but this is beyond the frame of this work. Nevertheless, important interactions of functional groups with the protein were revealed that can be used to improve the inhibitory activity of other PqsD inhibitors with better intracellular effects.
Experimental Procedures

Chemistry
Materials and methods
Starting materials were purchased from commercial suppliers and used without further purification. Column flash chromatography was performed on silica gel (40-63 µM), and reaction progress was monitored by TLC on TLC Silica Gel 60 F 254 (Merck). All moisture-sensitive reactions were performed under nitrogen atmosphere using ovendried glassware and anhydrous solvents. Preparative RP-HPLC was carried out on a Waters Corporation setup containing a 2767 sample manager, a 2545 binary gradient module, a 2998 PDA detector and a 3100 electron spray mass spectrometer. 
Synthesis and spectroscopic details
The synthesis of most of the 5-aryl-3-ureidothiophene-2-carboxylic acids (Scheme 2) started from readily available acetophenones (I) which were converted to the 5-aryl thiophene anthranilic acid methylesters (II) via an Arnold-Vilsmaier-Haack reaction followed by a cyclization using methylmercaptoacetate [31] . The esters (II) were then hydrolysed under basic conditions to afford the thiophene anthranilic acids (III) which were converted into the thiaisatoic anhydrides (IV) [32, 33] . The anhydrides (IV) were reacted with various amines giving rise to the 5-aryl-3-ureidothiophene-2-carboxylic acids (V) [34] . Further substituents at the 5-aryl ring were introduced using boronic acids or esters, respectively, via Suzuki coupling yielding VI [35] .
Further details on the synthesis and spectroscopic data of final compounds and intermediates can be found in the supporting information. The ACoA preincubation studies were performed as previously described using a constant flow rate of 25 µL/min and HEPES buffer as instrument running buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 5% DMSO (v/v), 0.05% Polysorbat 20 (v/v)) [20] . ACoA 
